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Total dielectronic recombination rate coefficient for Ar-like tungsten
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Racah Institute of Physics, The Hebrew University, 91904 Jerusalem, Israel

~Received 20 August 1997!

Ab initio calculations of the total dielectronic recombination~DR! rate coefficient for Ar-like tungsten
(W561) are performed using the relativisticHULLAC code package based on the parametric potential method.
The high efficiency ofHULLAC compared to other codes enables us to perform extensive DR calculations for
highly complex atomic systems such as Ar-like tungsten. The present work provides a general procedure for
computing the DR rate coefficients for multielectron high-Z ions. This procedure is applicable to DR compu-
tations for other Ar-like ions, as well as for ions in neighboring isoelectronic sequences. In the present work
level-by-level calculations are performed for evaluating the contributions to DR through all the relevant K-like
autoionizing inner-shell excited configuration complexes: 3p54ln8l 8 (4<n8<17), 3s3p64ln8l 8 (4<n8
<12), 3p53dn8l 8 (8<n8<18), 3s3p63dn8l 8 (7<n8<18), 2p53s23p63dn8l 8 (3<n8<8),
2s2p63s23p63dn8l 8 (3<n8<5), and 3p55l5l 8. In addition, extrapolation methods are developed to calcu-
late the contributions of even highern8 complexes along each complex series. In the case of 3p53dn8l 8, the
usual complex-by-complex extrapolation method based on then823 scaling law is found to be inaccurate; thus,
a more detailed level-by-level procedure is discussed. All calculations are carried out assuming no electron
collisions occur after the initial electron capture. Although the dominant DR contributions come from
3p54ln8l 8 and 3p53dn8l 8, the contributions of the other complex series cannot be neglected. A comparison
between the present results and the Burgess-Merts~BM! approximation shows that at low electron tempera-
tures the BM approximation greatly underestimates the DR rate coefficients, whereas at high electron tempera-
tures this approximation is fairly good.@S1050-2947~98!10604-2#

PACS number~s!: 34.80.Kw
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I. INTRODUCTION

Tungsten is one of the main materials used for plas
facing divertor plates in thermonuclear fusion devices as
the ASDEX upgrade@1#. Tungsten is believed to be favo
able for divertors in the next generation of nuclear fus
devices as well@2#. For divertor plasma modeling and radi
tive plasma cooling studies, accurate atomic data for hig
ionized tungsten is necessary, especially data on recomb
tion processes that are a major source of radiation los
Dielectronic recombination~DR! is the most important re
combination process in highly ionized low-density plasm
Therefore, a precise knowledge of DR processes is neces
for ionization balance modeling.

Due to the complexity of the multielectron ions and to t
very large number of inner-shell excited levels that must
included in the calculations, only a fewab initio computa-
tions were published for DR of ions with 13 electrons
more. Recently calculations of the DR rate coefficients
Ni-like Gd @3# and Ta@4# have been published. Two othe
works @5,6# were then performed systematically along t
Ni I isoelectronic sequence for ten ions. In the Ar I isoele
tronic sequence there is a work by Fournieret al. @7# that
includes the calculation of the total DR rate coefficient
Mo241. For Ar-like tungsten (W561) we have calculated in a
previous work@8# partial rate coefficients for DR through
few low-lying configuration complexes of the K-like ion.

In the present work extensiveab initio level-by-level cal-
culations of all the main DR contributions for Ar-like W ar
performed, including the following K-like autoionizing
inner-shell excited configuration complexes: 3p54ln8l 8
(4<n8<17), 3s3p64ln8l 8 (4<n8<12), 3p53dn8l 8 (8
571050-2947/98/57~5!/3493~11!/$15.00
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<n8<18), 3s3p63dn8l 8 (7<n8<18), 2p53s23p63dn8l 8
(3<n8<8), 2s2p63s23p63dn8l 8 (3<n8<5), and
3p55l5l 8. Electron inelastic collisions after the initial cap
ture are neglected.

For the low-lying inner-shell excited configuration com
plexes the effect of radiativedecaysto autoionizing levels
possibly followed by radiativecascades~DAC! is calculated
and is found to be of a few percent or even less. Based on
discussion in Refs.@5,6# we will assume here that this is tru
for higher complexes as well. Consequently, in the pres
DR calculations for the high-lying complexes DAC pro
cesses were neglected.

Furthermore, extrapolation methods are used to evalu
the contributions of the very-high-n8 complexes. In order to
choose the appropriate extrapolation method a detailed
vestigation of the behavior of the DR rate coefficients a
function ofn8 is carried out for each complex series. For t
complex series 3p54ln8l 8, 3s3p64ln8l 8, 3s3p63dn8l 8,
and 2p53s23p63dn8l 8 the ordinary complex-by-complex
extrapolation method is used, whereas for the 3p53dn8l 8
series a more elaborate level-by-level extrapolation pro
dure is chosen. In addition, thel 8 dependence of the DR rat
coefficients of the various configurations considered in t
work is checked and an explanation for the cases where
nificant contributions of high-l 8 configurations are found is
suggested.

The total contribution of each of the various complex s
ries considered in this work to the total DR rate coefficien
presented and analyzed. Finally, the detailed level-by-le
computations are compared with the results obtained by
ing the approximate Burgess-Merts semiempirical formul
3493 © 1998 The American Physical Society
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II. THEORETICAL METHOD

The dielectronic recombination process of Ar-like io
can best be illustrated by using the case of the 3p53dnl
inner-shell excited configuration complexes. The first step
this process is anelectron captureby the Ar-like ion in the
ground state (3p6) into an inner-shell excited level of th
K-like ion lying above the first ionization limit. This step
which is reversible by autoionization, can be schematica
written as follows:

@Mg core#3p61e2↔@Mg core#3p53dnl, ~1!

where e2 is the free interacting electron and@Mg core#
stands for the full 1s22s22p63s2 electronic inner subshells
The second step in the process is aradiative stabilizingtran-
sition into a final level of the K-like ion lying below the
ionization limit. It can take place in one of the followin
ways:

@Mg core#3p53dnl→@Mg core#3p6nl1hn, ~2a!

@Mg core#3p53dnl→@Mg core#3p53dn8l 81hn.
~2b!

Herehn represents an emitted photon. In the radiative de
process~2a! the final level 3p6nl lies below the ionization
limit for any value ofn andl . In contrast, in the process~2b!
the level 3p53dn8l 8 can either be below the ionization lim
or above it depending on the values ofn8 andl 8. In the latter
case either autoionization occurs or stabilization is reac
after one or more additional radiative transitions~cascades!:

@Mg core#3p53dn8l 8→@Mg core#3p53dn9l 91hn,
~2c!

@Mg core#3p53dn8l 8→@Mg core#3p6n8l 81hn, ~2d!

where 3p53dn9l 9 is a final level lying below the ionization
limit. If the 3p53dnl level lies high enough above the fir
ionization limit autoionization to the 3p53d excited configu-
ration of the Ar-like ion is also possible:

@Mg core#3p53dnl→@Mg core#3p53d1e2. ~3!

The rate coefficientbkd
C for the capture of a free electro

by an Ar-like ion in its ground levelk @process~1!# to form
a K-like ion in an inner-shell excited leveld above the ion-
ization limit can be evaluated using the principle of detai
balance. Assuming a Maxwellian velocity distribution corr
sponding to an electron temperatureTe one obtains for the
capture rate coefficient the following relation~see, for ex-
ample, Ref.@9#!:

bkd
C 51.656310222~kTe!

23/2
gd

gk
Adk

a expS 2Edk

kTe
D , ~4!

whereEdk is the energy difference between the leveld and
the first ionization limitk. Edk and kTe are expressed in
eV. Adk

a is the coefficient for autoionization from leveld to
level k expressed in s21. gd and gk are the statistica
weights of the levelsd and k, respectively. bkd

C is ex-
pressed in cm3 s21.
n

y

y

d

-

Assuming the ion does not undergo inelastic collisio
with electrons after the capture of the free electron, the inn
shell excited K-like ion in leveld can either autoionize bac
to form an Ar-like ion in a levelk or k8 or decay radiatively.
This decay can be to a leveli below the ionization limit~i.e.,
effective recombination! or to a leveld8 above the ionization
limit. From the leveld8 the K-like ion can further either
autoionize or decay radiatively. Considering all the possi
processes, thebranching ratiofor ~effective! dielectronic re-
combinationthrough the leveld is given by@6#

BD~d!5

(
i

Adi1 (
d8.k

Add8B
D~d8!

(
k8

Adk8
a

1(
i

Adi1(
d8

Add8

. ~5!

Here (Adi and (Add8 are the sums of the Einstein coeffi
cients for spontaneous emission from leveld to levelsi and
d8, respectively. (Adk8

a is the sum of the autoionization
coefficients from leveld to levels k8 of the Ar-like ion.
BD(d8) is the branching ratio for dielectronic recombinatio
via d8, defined by a recursive expression analogous to
~5!.

For the lower complexes~in each complex series! all the
radiative decays from leveld to other lower autoionizing
levels d8 possibly followed by radiative cascades were
cluded in the calculations. Following Refs.@5,6# these pro-
cesses are referred to as DAC~decaysto autoionizinglevels
possibly followed by radiativecascades!. The DAC transi-
tions were found to have an effect of a few percent at
most, as was already noticed and explained in Ref.@5#.
Hence, neglecting DAC for higher complexes would lead
an even smaller error in the total DR rate coefficient. Dis
garding DAC consists of neglecting all radiative decays
autoionizing levels. This leads to the following approxim
tion for the DR branching ratio:

BD~d!'

(
i

Adi

(
k8

Adk8
a

1(
i

Adi

. ~6!

The rate coefficient foreffectiveDR, i.e., for process~1!
plus process~2a! or plus processes~2b! and ~2c! or ~2d!,
from the initial ground levelk of the Ar-like ion through a
given intermediate inner-shell excited leveld to any final
nonautoionizing leveli of the K-like ion is given by

akd
D 5bkd

C B~d!. ~7!

The total rate coefficient for DR from the initial levelk is
obtained by summing over all the relevantd levels:

ak
D5(

d
akd

D . ~8!

The level-by-level calculations are performed for each se
of configuration complexes up to a specific value of the pr
cipal quantum numbern8, denoted byns , whose meaning is
explained in the following.

In order to evaluate the contributions of the higher co
plexes (n8.ns) in each complex series extrapolation met
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ods are used. For the complex series 3p54ln8l 8,
3s3p64ln8l 8, 3s3p63dn8l 8, and 2p53s23p63dn8l 8 the DR
rate coefficients start to scale liken823 from relatively low
n8 values and the usual complex-by-complex extrapolat
procedure can be used. According to this method, first p
posed by Hahn@10#, the total DR rate coefficient for a give
complex series is

(
n85n0

`

aD~n8!5 (
n85n0

ns

aD~n8!1 (
n85ns11

` S n8

ns
D 23

aD~ns!.

~9!

aD(n8) is the total rate coefficient of a configuration com
plex defined byn8. n0 represents the lowest value ofn8 for
which the corresponding complex contains levels above
first ionization limit. ns is the lowestn8 value from which
aD(n8) starts to scale accurately enough asn823.

In contrast to all the other cases, for the complex se
3p53dn8l 8 then823 behavior begins atvery-high-n8 values.
Therefore, a more elaborate method based on level-by-l
extrapolation is needed in order to avoid calculations
too-high-n8 values. This method was also proposed by Ha
@10# and was used in the calculations of DR rate coefficie
of ions isoelectronic to lighter elements~see, for example
Ref. @11#!. The method relies on the fact that for intermedia
n8 values, even if the DR rate coefficients do not yet scale
n823, the radiative and autoionization coefficients for ind
vidual levels already have a smooth and known depende
on n8. It is necessary to distinguish here between two diff
ent kinds of rate coefficients. The rate coefficientsbkd

C ,Adk8
a

and the radiative coefficientsAdi
hi for transitions that do in-

volve then8l 8 excited electron~with high principal quantum
numbern8! scale asn823. In contrast, the radiative rate co
efficients Adi

lo for transitions which involve the 3d excited
electron~with low principal quantum number! are constant
as a function ofn8. Consequently, the total rate coefficie
for DR through the whole complex series can be written
this case as follows~neglecting DAC processes!:

(
n85n0

`

aD~n8!

5 (
n85n0

ns

aD~n8!1 (
dP3p53dnsl 8

bkd
C (

n85ns11

` S n8

ns
D 23

3

(
i

Adi
lo1S n8

ns
D 23

(
i 8

Adi8
hi

S n8

ns
D 23

(
k8

Adk8
a

1(
i

Adi
lo1 S n8

ns
D 23

(
i 8

Adi8
hi

.

~10!

Here,ns is the lowestn8 value from which the radiative an
autoionization coefficients start to show a regular behav
~as n823 or constant! and d is any level of the 3p53dnsl 8
complex.

All the detailed autoionizing and nonautoionizing lev
energies and radiative decay coefficients were compu
using the fully relativistic multiconfigurationRELAC code
n
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@12#. The autoionization coefficients were calculated in t
semirelativistic distorted-wave approximation using t
factorization-interpolation model implemented in th
HULLAC code package@13#. This method has been applied
many cases and successfully tested by comparison to m
time-consuming methods for calculating autoionization ra
@13,14#. In the case of capture from F- to Ne-like ions, f
instance, the agreement was found to be better than 5%@13#.

Configuration mixing within each complex is taken in
account for the lowest autoionizing complexes in each co
plex series, where it can be significant. For high comple
the mixing is much less important and is neglected.

III. RESULTS AND DISCUSSION

We present here the results of the detailed level-
level calculations of the rate coefficients for dielectron
recombination through the following K-like tungsten a
toionizing inner-shell excited configuration complexe
3p54ln8l 8, 3s3p64ln8l 8, 3p53dn8l 8, 3s3p63dn8l 8,
2p53s23p63dn8l 8, 2s2p63s23p63dn8l 8, and 3p55l5l 8.

A. DR through the 3p54ln 8l 8 complexes

The 3p54ln8l 8 complex series gives the largest contrib
tion to the total DR rate coefficient at low electron tempe
tures (kTe,100 eV) and at high electron temperatur
(kTe.1 keV). At kTe5EI ~5.34 keV! it contributes about
50% of the total DR rate coefficient~see Sec. III H!. In this
series the lowest complex 3p54l4l 8 is already partially
above the ionization limit. All the levels of the complexe
3p54ln8l 8 with n8>5 are above the ionization limit.

The radiative decay processes that are included in
computations in this case are

3p54ln8l 8→3p64l 1hn, ~11!

as well as alternative decays to the higher K-like configu
tions: ~a! 3p6n8l 8, ~b! 3p53d4l , ~c! 3p53dn8l 8 (n8<13),
and ~d! 3p54ln9l 9 ~n854, n954! or ~n855, n954,5!. All
of the lower levels considered in the computations are be
the ionization limit @for this reasonn8<13 in process~c!#,
except for the two lowest complexes of the series~3p54l4l 8
and 3p54l5l 8!. For these complexes DAC processes of t
form ~d! are also included. In fact, the DAC processes
found to have negligible effect on the rate coefficient of t
3p54l4l 8 complex. For the 3p54l5l 8 complex DAC pro-
cesses increase the rate coefficient by 7% at electron
peratures higher than 2 keV.

The energetically possible autoionization processes
cluded in the calculations are

3p54ln8l 8→3p61e2, ~12!

as well as autoionization to the higher Ar-like configuration
~a! 3p53d and ~b! 3p54l 9 (n8>8).

Autoionizing inner-shell excited configurations wit
0< l 8<8 are included in the DR calculations. Figure 1 pr
sents for instance the results of the DR rate coefficients
the 3p53d15l and 3p54d15l configurations. As can be see
from the lower curve, the contributions of configuratio
with l .8 are expected to be negligible for 3p54d15l . This



ea

-
ron

the

ion
tri-

n

are
for

ive

e
n

tion

he

ra

a

l

es
e.
r all
e

3496 57A. PELEG, E. BEHAR, P. MANDELBAUM, AND J. L. SCHWOB
conclusion is found to be also valid for the other 3p54l15l
configurations. The reason for this trend is the steep decr
of the autoionization rate coefficients asl increases, as
shown in Fig. 2.

FIG. 1. Partial rate coefficients for DR through the configu
tions 3p53d15l ~triangles! and 3p54d15l ~squares! as a function of
the orbital angular momentum quantum numberl , at an electron
temperature of 7 keV. The lines between the calculated values
plotted just to guide the eye.

FIG. 2. Sums of the autoionization coefficientsSdAdk
a to the

ground level of the Ar-like ion for the configurations 3p53d15l
~triangles! and for 3p54d15l ~squares! as a function of the orbita
angular momentum quantum numberl .
se

The DR contributions of the various configuration com
plexes obtained by level-by-level calculations in the elect
temperature range 10 eV<kTe<50 keV are presented in
Fig. 3. At low and medium electron temperature (kTe
<5 keV) the dominant contribution comes from then854
complex. This is due to the exponential dependence of
capture rate in Eq.~4! as a function ofEdk and to the lowEdk
values for this complex. In then855 complex all 1299 lev-
els lie above the ionization limit, whereas in then854 com-
plex only 233 out of the 451 levels are above the ionizat
limit. As a result, at higher electron temperature the con
bution of then855 complex becomes larger.

In order to find the value ofns for this complex series, the
DR rate coefficients of the complexes with 4<n8<17 are
plotted as a function ofn8 for three different temperatures i
Fig. 4. It can be seen that in the range 8<n8,14 the rate
coefficients decrease more steeply thann823, whereas for
n8>14 then823 behavior takes place as expected. There
two reasons for the fast decrease of the rate coefficients
intermediaten8 values. The main reason is the progress
closing of the radiative stabilizing channels to 3p53dn8l 8
@process ~c! following Eq. ~11!# due to the rising of
3p53dn8l 8 levels above the ionization limit. Finally, for th
3p53d14l complex all the levels are above the ionizatio
limit ~as will be shown in Sec. III C! resulting in the sudden
steep drop in the 3p54ln8l 8 DR rate coefficients atn8514.
The second reason is the opening of strong autoioniza
channels to the excited configuration complex 3p54l 9 of the
Ar-like ion @process~b! following Eq. ~12!#. Thus, a straight-
forward extrapolation fromn8 lower than 14 would have led
to a significant overestimation of the contributions of t
higher complexes.

-

re

FIG. 3. Partial rate coefficients for DR through the complex
3p54ln8l 8 (4<n8<17) as a function of the electron temperatur
The dotted curve represents the sum of the rate coefficients fo
the complexes withn8.17. The thick solid curve is the total rat
coefficient for the whole 3p54ln8l 8 complex series.
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57 3497TOTAL DIELECTRONIC RECOMBINATION RATE . . .
From the above discussion we conclude that for
3p54ln8l 8 complex series the usual complex-by-compl
extrapolation method@Eq. ~9!# can be used, and thatns
should be taken to be 14 or greater. In this study since
tailed level-by-level calculations were in fact performed f
all the complexes with 4<n8<17, ns was taken to be 17
The sum of the contributions of the complexes withn8.18
evaluated by the complex-by-complex extrapolation meth
and the total contribution of all the 3p54ln8l 8 complexes are
also shown in Fig. 3. It is clear that for this complex ser
the relative contribution of high-n8 complexes to the tota
DR rate coefficient is very small.

B. DR through the 3s3p64ln 8l 8 complexes

In the 3s3p64ln8l 8 complex series only a few levels o
the lower complex 3s3p64l4l 8 are below the ionization
limit. All the other complexes are entirely above the ioniz
tion limit. The radiative decay processes included in
computations are

3s3p64ln8l 8→3s23p64l 1hn, ~13!

as well as decays to the higher K-like configurations:~a!
3s23p6n8l 8, ~b! 3s3p63d4l , ~c! 3s3p63dn8l 8 (n8<7), ~d!
3s23p54ln8l 8 (n854), and ~e! 3s3p64ln9l 9
~n854, n954!. Again, except for the 3s3p64l4l 8 complex
where DAC processes of the forms~d! and~e! are included,
the lower levels considered are all below the ionization lim
@for this reasonn8<7 in process~c!#. In fact, for the
3s3p64l4l 8 complex the DAC processes are found to
negligible.

FIG. 4. DR rate coefficients through the complexes 3p54ln8l 8
as a function of the principal quantum numbern8 in the range 4
<n8<17 at three different electron temperatures. The solid li
between the calculated values are plotted just to guide the eye.
dotted curves indicate then823 grid as a reference for the scaling o
the rate coefficients.
e

e-

d,

s

-
e

t

The energetically possible autoionization processes
cluded in the calculations are

3s3p64ln8l 8→3s23p61e2, ~14!

as well as autoionization to the higher Ar-like configuration
~a! 3s3p63d (n8>5), ~b! 3s23p54l 9 (n8>7), and ~c!
3s3p64l 9 (n8>10).

As in the case of the 3p54ln8l 8 series, only configura-
tions with 0< l 8<8 are included in the calculations. In Fig.
the DR rate coefficients of the complexes 3s3p64ln8l 8 with
4<n8<12 obtained by level-by-level calculations are plo
ted versus the electron temperature. It can be seen that
temperatures the dominant contribution comes from the lo
est complex 3s3p64l4l 8. It is interesting to note that at elec
tron temperature higher than 1 keV the DR rate coefficien
this complex is as high as one third of the 3p54l4l 8 DR rate
coefficient. This is mainly because in the 3s3p64l4l 8 com-
plex almost all the levels lie above the ionization lim
whereas many of the levels belonging to the 3p54l4l 8 com-
plex lie below it. In addition, the 3s3p64l4l 8 complex has
no autoionization channels, except for that to the grou
level of the Ar-like ion@process~14!#.

For the complex series 3s3p64ln8l 8 the behavior of the
DR rate coefficient as a function ofn8 was also checked by
the same procedure that was applied for the 3p54ln8l 8 com-
plexes. It was found that in the range 6<n8<8 the DR rate
coefficient shows a decrease steeper thann823, while for
n8>9 then823 behavior takes place. The steep decrease
the rate coefficient in the range 6<n8<8 is again a conse
quence of two main reasons: first, the closing of the radia
stabilizing channels@process~c! following Eq. ~13!# due to

s
he

FIG. 5. Partial rate coefficients for DR through the complex
3s3p64ln8l 8 (4<n8<12) as a function of the electron temper
ture. The dotted curve represents the sum of all the rate coeffici
for all the complexes withn8.12. The thick solid curve is the tota
rate coefficient for the whole 3s3p64ln8l 8 complex series.
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the 3s3p63dn8l 8 levels rising above the ionization limit, an
second, the opening of strong autoionization channels@pro-
cess~b! following Eq. ~14!# to the Ar-like excited configu-
rations 3s23p54l 9. Therefore, for the 3s3p64ln8l 8 complex
series the usual complex-by-complex extrapolation met
@Eq. ~9!# can be used starting fromns59. Since the detailed
level-by-level calculations were already performed up ton8
512 ~in order to check then823 behavior! ns is in fact taken
to be 12.

The sum of the contributions of the complexes withn8
.12 evaluated by the complex-by-complex extrapolat
method, and the total contribution of all the 3s3p64ln8l 8
complexes are also shown in Fig. 5. AtkTe5EI , for in-
stance, the total contribution of this complex series to
total DR rate coefficient is found to be 10%.

C. DR through the 3p53dnl complexes

The 3p53dnl complex series gives the largest contrib
tion to the total DR rate coefficient in the intermediate ele
tron temperature range 100,kTe,1000 eV. AtkTe5EI this
contribution is about 30% of the total DR rate coefficient

The special behavior of this complex series is due to
low energy needed for the excitation of the 3d electron com-
pared to the ionization energy of the K-like ion in its grou
state. As a consequence these complexes start to rise a
the ionization limit only whenn>8. Figure 6 shows the
energy spread of the 3p53dnl complexes near the first ion
ization limit of the K-like ion. Sincen is quite high, level
rising with increasingn is very slow. In addition, the energ
spread of the complexes is relatively large because of
strong spin-orbit interaction. Consequently, only forn>14

FIG. 6. EnergyEc of the inner-shell excited configuration com
plexes 3p53dnl 8<n<13 relative to the first ionization limitEI .
The energies are indicated by a finite vertical range representing
full level spread within each complex. The four thick lines in ea
complex stand for the mean energy of the four dominant group
levels~regarding their contributions to the DR rate coefficient!. The
alphabetic order of the groups is according to the significance
their contributions.
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the 3p53dnl complexes lie entirely above the ionizatio
limit.

The processes involved in the dielectronic recombinat
through these levels were already listed in the beginning
Sec. II. Here these processes are discussed in more d
The radiative decays considered in the computations are

3p53dnl→3p63d1hn, ~15!

as well as decays to the higher K-like configurations:~a!
3p6nl and ~b! 3p53dn8l 8 ~n8<n andn8<13!. For the two
lowest autoionizing complexes withn58 and n59, DAC
processes of the form~b! are also included and are found
have negligible effect. Therefore, for higher complexes DA
processes are neglected.

The energetically possible autoionization processes
cluded for the 3p53dnl complexes are

3p53dnl→3p61e2 ~16a!

→3p53d1e2 ~n>10!.
~16b!

In this series also, only autoionizing configurations w
0< l<8 are included in the DR calculations. However, he
the autoionization coefficients to the ground level of the A
like ion decrease relatively slowly with increasingl as shown
in Fig. 2 ~upper curve!. As a result, contributions of highe
l -value configurations can be significant as can be seen f
Fig. 1. For example, atkTe51500 eV the sum of the DR rat
coefficients for the 3p53d9l configurations with 6< l<8 is
larger than 25% of the total DR rate coefficient for the who
3p53d9l complex. Thus, detailed level-by-level calculatio

FIG. 7. DR rate coefficients through the complexes 3p53dnl as
a function of the principal quantum numbern in the range 9<n
<18 at five different electron temperatures. The solid lines betw
the calculated values are plotted just to guide the eye. The do
curves indicate then23 grid as a reference for the scaling of the ra
coefficients.

he

of

of



e

es
-
9
R

ut

he
ir

s
ex
r
an

ive
th

x.
m
o
-

th

tiv
-
fi-

to
-
c

d
ng
e-
e
-b

u-

es
s
eV
av-
ve
x-

pe-
se

ing
n-
xi-

c-
ef.

e-

ous
h-
ne-

of
er
ry

gh

es
he
the

f-

57 3499TOTAL DIELECTRONIC RECOMBINATION RATE . . .
and an extrapolation procedure as a function ofl may also be
needed for thel .8 configurations, but this is beyond th
scope of the present work.

In Fig. 7 the DR rate coefficients of the complex
3p53dnl with 9<n<18 at five different electron tempera
tures are plotted againstn. One can see that in the range
<n<14 there are irregularities in the behavior of the D
rate coefficients, while forn>15 the decrease is smooth b
slower thann23. The irregularities in the interval 9<n
<14 results from the rising of more 3p53dnl levels above
the ionization limit asn increases, and consequently from t
opening of new DR channels. In order to explain these
regularities the mean energies of the four dominant group
inner-shell excited levels are also marked in Fig. 6. For
ample, the great increase in the DR rate coefficients fon
511 is a result of the rising of the second most domin
group ~labeledb! above the ionization limit.

The deviation of the rate coefficients from then23 behav-
ior even forn.15 is a consequence of the unique relat
magnitudes of the various atomic coefficients involved in
calculation of the DR rate coefficient for each leveld: Adk

a ,
(Adk8

a , (Adi
la , and(Adl8

hi @see Eqs.~4!, ~6!, and~10!#. In this
series, especially, the autoionization coefficientAdk

a is high
compared to(Adi for the dominant levels of each comple
In order to illustrate this effect let us consider the extre
case in whichAdk

a @(Adi
lo . For simplicity we assume als

that(Adi8
hi

50 and that(Adk8
a

5Adk
a . In this case, the branch

ing ratio in Eq.~6! becomes

BD~d!'

(
i

Adi
lo

Adk
a . ~17!

SinceAdk
a appears also in expression~4! for the dielectronic

capture rate, it cancels, and the DR rate coefficient of
level d depends only on(Adi

lo . Now, (Adi
lo , which is the

sum of the Einstein coefficients for spontaneous radia
decays that involve only the 3d excited electron, is indepen
dent ofn. Thus, in this simple example the DR rate coef
cient for the leveld will be approximately independent ofn
until n is large enough so thatAdk

a ,(Adi
lo . Only then, for

very highn values, the DR rate coefficient of the leveld will
decrease steeply asn23.

When the atomic coefficients of the levels pertaining
the 3p53dnl complexes forn values around 15 were exam
ined, it was found that for the most dominant levels in ea
configurationAdk

a .(Adi
lo . In some casesAdk

a was larger than
(Adi

lo by a factor of 2 and in other cases it was even an or
of magnitude larger. Keeping this in mind, it is not surprisi
that for the 3p53dnl complexes the rate coefficients d
crease slower thann23. The result is that contrary to th
other series, here one cannot apply the simple complex
complex extrapolation method@Eq. ~9!#, and the more de-
tailed level-by-level extrapolation procedure@Eq. ~10!# must
be used. Actually, in this work detailed level-by-level calc
lations were performed, for 8<n<18, andns in Eq. ~10!
was taken to be 18.
-
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Figure 8 shows the DR contributions of the complex
3p53dnl with 8<n<15 obtained by detailed calculations a
a function of the electron temperature in the range 10
<kTe<50 keV. One can see the irregularities in the beh
ior of the rate coefficients asn increases. As discussed abo
these irregularities result from the rising of inner-shell e
cited levels above the ionization limit asn increases~see Fig.
6! leading to the opening of new DR channels. This is es
cially pronounced at low electron temperatures. At the
temperatures inner-shell excited autoionizing levels ly
close to the first ionization limit can give a significant co
tribution to the total DR rate coefficient. Indeed, the ma
mum value of the DR rate coefficient for a given leveld as a
function ofTe is reached atkTe52/3Edk and is proportional
to (Edk)

23/2. Therefore, ifEdk is sufficiently small the DR
contribution of this level can be very important at low ele
tron temperatures.~For a more detailed discussion see R
@5#.!

The sum of the contributions of the complexes withn
.18, deduced from the level-by-level extrapolation proc
dure, and the total contribution of all the 3p53dnl com-
plexes are also shown in Fig. 8. In contrast to the previ
cases, for this complex series the contributions of the hign
complexes is very significant. These contributions were
glected in the DR calculations for Ar-like molybdenum~Ref.
@7#!. Here, for W561, the contribution of then.18 com-
plexes is more than 40% of the total DR rate coefficient
the whole 3p53dnl series at an electron temperature high
than 500 eV. It should be noticed that using the ordina
complex-by-complex extrapolation procedure for the hi

FIG. 8. Partial rate coefficients for DR through the complex
3p53dnl (8<n<18) as a function of the electron temperature. T
dotted curve represents the sum of the rate coefficients for all
complexes withn.18. The thick solid curve is the total rate coe
ficient for the whole 3p53dnl complex series.
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3p53dnl complexes might lead to a significant underestim
tion of the DR rate coefficient.

D. DR through the 3s3p63dnl complexes

In the 3s3p63dnl complex series then57 complex is the
first complex in which there are levels above the ionizat
limit. For n>8 all the levels in each complex lie above th
first ionization limit. The radiative decays included in th
computations are

3s3p63dnl→3s23p63d1hn, ~18!

as well as decays to the higher K-like configurations:~a!
3s23p53dnl (n<13) and~b! 3s3p63dn8l 8 (n8<8). Except
for the n57 andn58 complexes where DAC processes
the forms~a! and ~b! are included, the lower levels consid
ered are all below the ionization limit. Forn57 the effect of
the DAC processes is found to be negligible. Forn58 the
DAC processes decrease the rate coefficient by 5% at e
tron temperatures higher than 800 eV.

The energetically possible autoionization processes ta
into account are

3s3p63dnl→3p61e2 ~19a!

→3p53d1e2 ~n>8!.
~19b!

Autoionization processes to the Ar-like excited configurat
3s3p63d were found to be energetically forbidden forn
<18 ~at least! and thus were not taken into account.

Autoionizing inner-shell excited configurations with
< l<8 are included in the calculations. Here this is fair
well justified by the fact that already forn>14 the radiative
stabilization channel@process ~a! following Eq. ~18!# is
closed ~see Sec. III C!. Therefore, neglecting DAC pro
cesses, the remaining radiative decays are via process
the forms~18! and~b! following ~18!. Sincen8 is limited to
7 ~and l 8<6!, there are no stabilization channels for leve
with l .7. Under the above assumption the DR rate coe
cients of these levels are simply zero.

In Fig. 9 the DR rate coefficients computed by detail
calculations for the complexes 3s3p63dnl with 7<n<18
are given as a function of the electron temperature. At l
electron temperatures (kTe,700 eV) the dominant DR con
tribution comes from the 3s3p63d7l complex due to the low
Edk values of the levels belonging to this complex. At high
electron temperatures the contribution of the 3s3p63d8l
complex is dominant since for this complex all the levels
above the first ionization limit. One notices the great d
crease of the DR rate coefficient for 3s3p63d9l . As in the
cases of 3s3p64ln8l 8 and 3p54ln8l 8, this is due to opening
of strong autoionization channels~in this case to the 3p53d
excited configuration of the Ar-like ion!, and to the closing
of some important radiative stabilization channels@of the
form ~a! following ~18!#.

The behavior of the DR rate coefficients as a function on
was checked in this series too. It was found that in the ra
8<n<14 there are abrupt drops arising from the opening
strong autoionization channels of the form~19b!, and also
from the closing of important radiative stabilization chann
-

n
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of the form of~a! following Eq. ~18!, due to the rising of the
lower 3s23p53dnl levels above the first ionization limit
Only for n>15 does then23 behavior take place. Hence fo
this complex series, the usual complex-by-complex extra
lation method@Eq. ~9!# can be used starting fromns515.
Since detailed level-by-level calculations were already p
formed up ton518, ns was taken to be 18. One notices th
a naive approach of takingns to be 8 would have led to a
significant overestimation of the contributions of the high
complexes.

Figure 9 also shows the sum of the contributions of
complexes withn.18 obtained by complex-by-complex ex
trapolation and the total contribution of all the 3s3p63dnl
complexes. AtkTe5EI , for instance, this complex series
found to contribute about 4% to the total DR rate coefficie

E. DR through the 2p53s23p63dnl complexes

Since in the 2p53s23p63dnl complex series an electro
from the inner shellL is excited, all the complexes (n>3)
lie high above the first ionization limit. As a result, there a
many possible autoionization channels. Also, their contri
tions to the total DR rate coefficient becomes significant o
at very high electron temperature.

The radiative transitions considered for this complex
ries are

2p53s23p63dnl→2p63s23p63d1hn, ~20!

as well as decays to the higher K-like configurations:~a!
2p63s23p6nl and ~b! 2p63s3p63dnl (n<7). In all these

FIG. 9. Partial rate coefficients for DR through the complex
3s3p63dnl (7<n<18) as a function of the electron temperatur
The dotted curve represents the sum of the rate coefficients fo
the complexes withn.18. The thick solid curve is the total rat
coefficient for the whole 3s3p63dnl complex series.
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transitions the lower levels considered are below the fi
ionization limit @n<7 in process~b!#. Forn54 we also con-
sider DAC processes of the form

2p53s23p63d4l→2p53s23p63dn8l 81hn ~n853,4!.

~208!

However, the DAC processes are found to have neglig
effect on the DR rate coefficients.

The energetically possible autoionization processes
volving the high orbitalnl electron taken into account are

2p53s23p63dnl→2p63s23p61e2, ~21!

as well as autoionization to the higher Ar-like configuration
~a! 2p63s23p53d, ~b! 2p63s3p63d, and ~c! 2p53s23p63d
(n>6). In addition, we include the autoionization process
which do not involve thenl electron, to the Ar-like configu-
rations: ~d! 2p63s23p5nl, ~e! 2p63s23p43dnl, ~f!
2p63s3p6nl, ~g! 2p63s3p53dnl, and ~h! 2p63p63dnl.
Processes~d!–~h!, which have atomic coefficients indepe
dent of n, and are found to be the dominant autoionizati
channels in this complex series, were neglected in prev
DR calculations for Ar-like molybdenum~Ref. @7#!. As in
the case of the 3p54ln8l 8 series, configurations with highl
values have negligible contributions. Thus, only configu
tions with 0< l<8 are included in the calculations.

Detailed calculations of the DR rate coefficients of t
complexes 2p53s23p63dnl were performed for 3<n<8.
The results show that the dominant DR contribution at
temperatures comes from the 2p53s23p63d2 configuration.

Upon checking the behavior of the DR rate coefficients
a function ofn, one finds that the expectedn23 scaling takes
place already fromn54 without irregularities. This is in
spite of the closing of stabilizing radiative channels@process
~b! following Eq. ~20!# and the opening of autoionizatio
channels@process~c! following Eq. ~21!#. In fact, these chan
nels are not the dominant channels in this series and thus
not affect the scaling of the DR rate coefficients as a funct
of n. As a result, Eq.~9! for the ordinary complex-by-
complex extrapolation method can be used withns54. Since
detailed level-by-level computations were performed up
n58, ns was actually taken to be 8. The sum of the D
contributions of all the complexes withn.8 obtained by
extrapolation reaches about 10% of the total contribution
the 2p53s23p63dnl complex series at high temperatu
(kTe.2 keV). Finally, all this complex series contribute
about 6% of the total DR rate coefficient atkTe5EI and
more than 10% forkTe>10 keV.

F. DR through the 2s2p63s23p63dnl complexes

The 2s2p63s23p63dnl complex series lie even highe
than the 2p53s23p63dnl series. All the complexes are en
tirely above the first ionization limit and include fewer leve
per complex. Moreover, the radiative stabilization chann
are comparatively weaker than those of the 2p53s23p63dnl
complexes. Therefore, the contribution of these complexe
the total DR rate coefficient is expected to be small.

The radiative transitions included in the computations
t
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2s2p63s23p63dnl→2s22p63s23p63d1hn ~22a!

→2s22p63s23p53dnl1hn.
~22b!

Autoionization processes to the same Ar-like excited c
figuration complexes that were included for th
2p53s23p63dnl complexes@see Eq.~21! and processes~a!–
~h! following Eq. ~21!# are possible and are included in th
present calculations.

Since the contribution of this complex series is qu
small and since for high complexes the dominant radiat
stabilizing channels~22b! are gradually closed~neglecting
DAC! the detailed level-by-level calculations are perform
only in the range 3<n<5 and no extrapolation is made. W
estimate the error introduced by not including the high
complexes to be less than 1% of the total rate coefficien
all electron temperatures. The results of the calculati
show that forkTe5EI this complex series contributes on
0.6% of the total DR rate coefficient. At very high electro
temperatures (kTe550 keV) the contribution is still less tha
2%.

G. DR through the 3p55l5l 8 complex

Finally, the contribution of the configuration comple
3p55l5l 8 is considered. The radiative decay processes ta
into account in the computations are

3p55l5l 8→3p65l 81hn ~23a!

→3p53d5l 81hn. ~23b!

In this case no DAC processes were included. The energ
cally possible autoionization processes considered are

3p55l5l 8→3p61e2 ~24!

as well as autoionization to the higher Ar-like configuration
~a! 3p53d and ~b! 3p54l 9. The results of the calculation
show that this complex contributes about 2% of the total D
rate coefficient at electron temperatures higher thanEI .
Since the contribution of this complex is relatively small a
since for higher complexes belonging to the 3p55ln8l 8 se-
ries a part of the important radiative channels are closed
new autoionization channels are opened, the contribution
the higher complexes (n8.5) are disregarded here. The u
derestimation caused by this approximation is negligible
low electron temperature and is estimated to be about 3%
the total DR rate coefficient at high temperature.

H. Total DR rate coefficient

The total DR rate coefficient, obtained by adding the D
contributions of all the complex series discussed in the p
vious sections, is given as a function of the electron tempe
ture in Fig. 10 and in Table I. For comparison, Fig. 10 a
shows the total contribution of each series. These res
show that the largest contribution at low electron tempe
tures (kTe,100 eV) and at high electron temperatur
(kTe.1 keV) comes from the complex series 3p54ln8l 8,
while in the intermediate range 100,kTe,1000 eV the
3p53dnl complexes give the largest contribution. The im
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portance of the 3p54ln8l 8 DR contribution is a consequenc
of the large Einstein coefficients for the 3l -4l 8,Dn51 radia-
tive transitions. These coefficients scale approximately
r 4 wherer is the charge of the ion core~r 556 in the present
work!. In contrast, the 3p-3d,Dn50 transitions, which are
important in the stabilization of the 3p53dnl complexes,
scale only linearly withr and are much smaller here. Ne
ertheless, the DR contribution of the whole 3p53dnl series

FIG. 10. The total DR rate coefficient for Ar-like W~thick
curve! and the total contributions of the various complex ser
included in this work as a function of electron temperature.EI is the
first ionization energy of the K-like ion.

TABLE I. Total DR rate coefficient~in cm3 sec21! for Ar-like
tungsten as a function of the electron temperaturekTe ~in eV!.
X@2Y# denotesX3102Y.

kTe ~eV! Total DR rate coefficient (cm3 sec21)

10 4.50@209#

20 3.32@209#

30 2.68@209#

50 2.06@209#

100 1.45@209#

200 9.51@210#

300 7.03@210#

500 4.59@210#

1000 2.45@210#

2000 1.21@210#

3000 7.72@211#

5000 4.18@211#

7000 2.72@211#

10000 1.70@211#

20000 6.52@212#

30000 3.65@212#

50000 1.74@212#
e

is very important in the intermediate electron temperat
range due to the large cumulative contribution of a gr
number of high-n complexes that lie very close to each oth
in energy~see Fig. 8!. One should notice that for light ele
ments of the ArI isoelectronic sequence the 3p53dnl DR
contribution is expected to be dominant at all temperatu
because of the different dependence of the radiative r
uponr . In fact, it was shown by Fournieret al. @7# that this
is indeed the case for Mo241.

In Fig. 11 the total DR rate coefficient calculated in th
present work is compared to the results obtained from
semiempirical Burgess-Merts~BM! approximation@15,16#.
The BM results shown in the figure were obtained using
oscillator strengths and the transition energies computed
RELAC @12# for the 3p-3d (Dn50) and the 3p-4d (Dn51)
transitions only, as suggested by Bretonet al. @17#. It can be
seen that at low electron temperature (kTe,100 eV) the BM
approximation greatly underestimates the DR rate coe
cient. The explanation for this discrepancy is thoroughly d
cussed in Ref.@6#. At higher electron temperatures, howeve
there is quite a good agreement between the BM approxi
tion and the detailed level-by-level calculations. For e
ample, atkTe5EI , the BM approximation underestimate
the total rate coefficient by only 15%. At very high electro
temperature (kTe.50 keV) the BM approximation underes
timates the total rate coefficient by about 25%. It should
stressed that the relatively good agreement for the total
rate coefficient forkTe.100 eV may be somewhat fortuitou
here; indeed, a noticeable discrepancy is observed for

s

FIG. 11. Comparison of the detailed level-by-level calculatio
~thick solid curve! and the BM approximation~solid curve! for the
total DR rate coefficient of Ar-like W. The long dashed curve is t
total rate coefficient for the 3p54ln8l 8 complex series. The shor
dashed curve is the total rate coefficient for the 3p53dnl complex
series. The two dotted curves are the corresponding BM results
these two series~Dn51 for 3p54ln8l 8 andDn50 for 3p53dnl!.
EI is the first ionization energy of the K-like ion.
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individual contribution of each of the complex series cons
ered. For instance atkTe5EI , the Dn51 BM approxima-
tion value is 20%lower than the calculated DR rate coeffi
cient for the 3p54ln8l 8 series, whereas theDn50 BM value
is 55%higher than the 3p53dnl series DR rate coefficient
Thus, for other elements in the ArI isoelectronic sequenc
the deviation of the BM approximation from the calculat
total DR rate coefficient can be significantly larger as
found in the NiI sequence@6#.

IV. CONCLUSIONS

Extensive level-by-level calculations of the DR rate co
ficient for Ar-like W561 ion in the ground state were pe
formed. The results show that the two complex ser
3p54ln8l 8 and 3p53dn8l 8 give the most important contribu
tion (.75%) to the total DR rate coefficient. The large
contribution in the relevant electron temperature range (kTe
.EI) comes from the complex series 3p54ln8l 8. This is due
to the large Einstein coefficients for the 3l -4l 8,Dn51 radia-
tive transitions involved in the DR recombination proce
through levels belonging to this series. However, other co
plex series such as 3s3p64ln8l 8, 3s3p63dn8l 8, and
2p53s23p63dn8l 8 were found to give contributions tha
cannot be disregarded.

The n8 dependence of the DR rate coefficients in ea
complex series was checked. In most cases it was found
for low-n8 values there are irregularities. These irregularit
are due to the opening of new DR channels, to the closin
radiative stabilization channels, and to the opening of n
autoionization channels. For highern8 values the expected
n823 behavior along a series takes place in all cases ex
for the 3p53dn8l 8 series. Therefore, for all complex serie
except for the 3p53dn8l 8 series the usual complex-by
complex extrapolation procedure is used in order to evalu
the DR contributions of the high-n8 complexes. In the
3p53dn8l 8 series, the Einstein coefficients ((Adi) are
n
r-

, J

, J

d,
e,

L

-

-

s

t

s
-

h
at

s
of
w

pt

te

smaller than the autoionization coefficients (Adk
a ) for the

dominant levels. As a result, the DR rate coefficients
crease slower thann823 and the more detailed level-by-leve
extrapolation method is applied. Moreover, because of
slow decrease of the DR rate coefficients with increasingn8,
in this latter case the contributions of very-high-n8 com-
plexes is important and the question of density effects ari

In addition to then8 dependence, thel 8 dependence was
also checked for the various complex series. It was found
the 3p53dn8l 8 complexes that high-l 8 values contribute sig-
nificantly; in all other cases the contributions of high-l 8 val-
ues are negligible. Thus, for the 3p53dn8l 8 complexes it is
desirable to find an approximate extrapolation procedure
evaluating the high-l 8 contributions.

A comparison of the Burgess-Merts approximation w
the results of the present detailed level-by-level calculati
shows that the former greatly underestimates the total
rate coefficient at low electron temperatures (kTe
,100 eV). However, in the electron temperature rangekTe
.EI the underestimation is only 15% of the total DR ra
coefficient. This fairly good agreement may be fortuito
here; for other elements in the ArI sequence the deviation i
expected to be larger as is found in the NiI sequence. Hence
further detailed level-by-level calculations are required
the other elements in the ArI isoelectronic sequence.
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